A number of black hole X-ray transients show quasi-periodic oscillations (QPOs) in the optical (infrared) and X-ray bands at the same frequency, which challenge models for production of radiation at these wavelengths. We propose a model where the optical radiation is modulated by the oscillating X-ray flux resulting in varying irradiation of the outer parts of the accretion disc. The proposed QPO mechanism inevitably takes place in the systems with sufficiently small ratio of the outer disc radius to the QPO period. We show that, unlike in the case of the aperiodic variability, it is not possible to obtain the optical QPO profiles from those observed in the X-rays through the transfer function, because of different X-ray signals seen by the disc and by the observer. We demonstrate that with the increasing QPO frequency, occurring at the rising phase of the X-ray outburst, the rms should be constant for sufficiently low frequencies, then to increase reaching the peak and finally to drop substantially when the QPO period becomes comparable to the light-crossing time to the outer disc. We predict that the QPO rms in this model should increase towards shorter wavelengths and this fact can be used to distinguish it from other QPO mechanisms.
INTRODUCTION
The significant influence of the X-ray source on the structure and spectral properties of the standard accretion disc was noticed already in the pioneering study by Shakura & Sunyaev (1973) of the optically thick geometrically thin α-discs. The temperature distribution in such irradiated discs around black holes (BHs) was calculated in a number of works (see e.g. Cunningham 1976; Frank et al. 2002) . Though the precise dependence of the effective temperature on radius differ in these models, the general expectation is that X-ray irradiation dominates over internal viscous dissipation in the outer part of the accretion disc, which consequently dominates the emission in the optical/infrared (OIR) wavelengths.
The prediction was then confirmed by the OIR luminosity and the specific shape of the OIR spectra in a number of BH binaries (van Paradijs & McClintock 1994; Gierliński et al. 2009; Zurita Heras et al. 2011; Curran et al. 2012) . The signature of reprocessed X-ray emission are also seen in optical/X-ray cross-correlation function (CCF, Hynes et al. 1998 Hynes et al. , 2009 ), displaying a single, ⋆ E-mail: alexandra.veledina@gmail.com a few second broad peak at positive optical lags, as well as in the transfer function determined directly from the light curves (O'Brien et al. 2002) . Additional support comes from the detection of optical flares following X-ray bursts (e.g. Grindlay et al. 1978; McClintock et al. 1979; Hynes et al. 2006a ). On the other hand, sometimes the complex shape of the CCFs displaying the so-called precognition dip cannot be explained solely by the irradiation of the disc (Motch et al. 1983; Kanbach et al. 2001; Durant et al. 2008; Hynes et al. 2009; Gandhi et al. 2010) , an additional contribution of another source, likely of synchrotron origin, is required (Malzac et al. 2004; Veledina et al. 2011) .
Simultaneous presence of at least two optical components is also required by the shape of the power spectral density (or, equivalently, the auto-correlation function): while the optical photons are thought to originate from a somewhat larger region compared to the X-rays, the power spectrum does not have the characteristic suppression of the high-frequency noise, instead, an additional Lorentzian peaking at higher frequencies (with respect to the X-rays) is required (Kanbach et al. 2001; Gandhi et al. 2010) . That Lorentzian might be a manifestation of the interplay of different optical components one related to the synchrotron radiation from the hybrid hot flow and another to the irradiated disc (Veledina et al. 2011) .
Apart from the broadband noise, the quasi-periodic oscillations (QPOs) were detected in the optical (Motch et al. 1983; Durant et al. 2009; Gandhi et al. 2010) and UV (Hynes et al. 2003) wavelengths at frequencies 0.05-0.13 Hz. The X-ray power-density spectra demonstrate similar features known as the type-C low-frequency QPOs (see Casella et al. 2005 , for classification). The two months of observations revealed that the optical, UV and the X-ray QPOs in BH binary XTE J1118+480 share a common (within uncertainties) characteristic frequency whilst evolving with time (Hynes et al. 2003) . This suggests that the QPOs in these three energy bands are parts of the same process. One or several components responsible for the optical emission -the hot accretion flow (Veledina et al. 2013b) , the jet (e.g. Hynes et al. 2006b ) and the irradiated disc (Gierliński et al. 2009 ) -are all natural candidates for the QPO origin. Because the principal oscillation mechanisms and the geometrical properties are substantially different, these three models should be distinguishable by the observational characteristics. The hot flow QPO model was considered in Veledina et al. (2013a) . In this work we develop a quantitative model for the low-frequency QPOs arising from reprocessing.
One of most promising mechanisms to produce X-ray QPOs is based on the misalignment of the accretion flow and the BH spin. The QPOs there arise due to the LenseThirring (solid-body) precession of the whole inner hot flow (Fragile et al. 2007; Ingram et al. 2009; Ingram & Done 2011) . Recalling that the cold accretion discs are likely to be flared (e.g. Shakura & Sunyaev 1973; Frank et al. 2002) , any temporal variations of the X-ray flux should be reflected in the reprocessed radiation. In this paper we introduce a model of optical QPO produced by reprocessing of the Xray modulated flux. We present detailed calculations of the QPO profiles and amplitudes. Even without any calculations we can predict that the optical QPO have to be visible if the light-crossing time to the outer disc is shorter than the QPO period. We discuss then how the optical QPOs arising from the reprocessing can be distinguished from those produced by other QPO mechanisms (i.e., produced by the hot accretion flow or by the jet).
GEOMETRY AND FORMALISM

X-ray QPOs
We consider a simple scenario of a flat precessing disc radiating in the X-ray band. We associate this geometry with the hot accretion flow around a Kerr BH, which undergoes solid-body Lense-Thirring precession because of the misalignment of the BH and orbital spins (Fragile et al. 2007; Ingram et al. 2009; Ingram & Done 2011) . The general geometry is shown in Fig. 1 (left) . We define the coordinate system xyz associated with the binary orbital plane and the system x ′ y ′ z ′ , tied to the BH spin. The z-axis is aligned with the orbital spin and z ′ is aligned with the BH spin. The angle between them is denoted by β. We further choose axis y = y ′ . The precession occurs around the BH spin axis with the precession angle ω measured from x ′ -axis, so that the instantaneous hot flow normaln 1 is aligned with the orbital spin axis at ω = π and has a maximal misalignment of 2β when ω = 0. The observer position is described bŷ o = (sin i cos Φ, sin i sin Φ, cos i) in xyz coordinates, where i is the binary inclination and Φ is the azimuth of the observer measured from the x-axis. The hot flow normal is given bŷ n = (sin β cos ω, sin β sin ω, cos β) in x ′ y ′ z ′ coordinates. It translates tô n = sin β cos β(1 + cos ω), sin β sin ω, 1 − sin 2 β(1 + cos ω) (1) in xyz coordinates. The X-ray QPOs arise from the different orientation of the hot flow relative to the observer, described by the scalar productô ·n = cos θ. It is easy to show that cos θ = sin β cos β sin i cos Φ (1 + cos ω) + (2)
The flux observed from one ring of the flat disc with radius r, thickness dr and a surface normal which makes an angle θ to the line of sight far from the BH can be expressed as
Here, D is the distance to the observer, qE(r) is the surface flux per energy interval at a given radius and the factor fE(r, θ) accounts for the angular dependence of the observed flux and is calculated from the specific intensity emerging from a surface element. In general, the specific intensity depends on the zenith angle. X-ray emission from accreting BHs is produced by Comptonization in an optically translucent flow with Thomson optical depth τ ∼ 1. In this case, the local angular dependence of the radiation intensity can approximately be described by (Poutanen & Gierliński 2003 )
here the primes denote quantities in the frame comoving with the considered element, ζ ′ is the zenith angle and the parameter b ≈ −0.7 (for exact solutions see Sunyaev & Titarchuk 1985; Viironen & Poutanen 2004) . We assume that the emergent spectrum from all surface elements is a power law with photon index Γ = 1.7. To calculate the observed flux, we take into account gravitational redshift, Doppler shift, time dilation and light bending in the Schwarzschild metric 2 following techniques presented in Poutanen & Gierliński (2003) and Poutanen & Beloborodov (2006) . In the absence of the standard energy dissipation profile relevant to the hot flow in general relativity, we take the standard profile of a thin disc (Shakura & Sunyaev 1973) 
which is suitable for illustration. Here RS = 2GM/c 2 is the Schwarzschild radius of the BH. We define the weighted angular emissivity function as
. Schematic representation of the hot flow producing X-ray and optical QPOs. Left: Coordinate systems connected with the orbital plane xyz and with the BH spin x ′ y ′ z ′ are shown. Plane xy coincides with the orbital plane and y is parallel to y ′ . Axis z ′ is aligned with the BH spin, which is inclined by the angle β to the orbital spin. Position of the observer o is described by the azimuthal angle Φ and binary inclination i. The position of the normal to the hot flow n is characterized by the precession angle/phase ω. It makes an angle θ with the direction to the observer, which depends on ω. Right: Schematic representation of the reprocessing geometry. The surface element is at radius r and height h from the central X-ray source, its normal makes angle ζ with the orbital spin and angle η with the line-of-sight.
where the integration is performed over the hot flow surface with the radius varying between 3 and 100RS. The observed flux is
The angular dependence of the X-ray flux is shown in Fig. 3 of Veledina et al. (2013a) , where further details on the precessing hot flow model can be found.
Reprocessing model
In the reprocessing model, the optical emission is directly related to the central source X-ray flux that shines upon the outer part of the disc. Here we follow formalism developed by Poutanen (2002) for X-ray reflection from a flared disc. We assume that the reprocessing into optical wavelengths occurs in a ring extending from radius Rin to Rout, which is large compared to the extent of the X-ray source, which therefore can be considered as an anisotropic point source.
We assume the power-law dependence of height on radius h = H(r/Rout) ρ . The parameters describing the disc shape are the ratio H/Rout and the power-law index ρ. The ring surface makes an angle ζ with the orbital plane that is a function of r: Fig. 1, right) . The standard accretion disc has ρ = 9/8 (Shakura & Sunyaev 1973) , while the irradiated disc may have ρ = 9/7 (Frank et al. 2002) , thus we only consider cases with ρ > 1. In the frame related to the orbital plane, the observer's coordinates arê o = (sin i cos Φ, sin i sin Φ, cos i),
the radius-vector p pointing towards a surface element has coordinates p = (r cos φ, r sin φ, h),
and the normal to the element iŝ nr = (− sin ζ cos φ, − sin ζ sin φ, cos ζ).
The optical light-curve from such a ring can generally be written as
Here LX(t ′ , p) is the X-ray luminosity in the direction of the disc element, i.e. at angle θe = arccos(n ·p) relative to the hot flow normal, emitted from the central source at time t ′ . The index α may depend on the wavelength where reprocessing signal is measured. For example, assuming that disc radiation is a blackbody of some temperature T and remembering that T ∝ L 1/4 X , it is obvious that in the Rayleigh-Jean part of the spectrum α ≈ 1/4, while closer to the peak of the reprocessed emission, in the UV range, α is close to unity or may even exceed 1 in the Wien tail of the spectrum. In reality, of course, for a given wavelength α varies, because of the varying temperature of the irradiated disc. Here, we ignore this effect and concentrate on the geometrical factors which are dominant. The δ-function accounts for the geometrical timedelays:
We neglect the reprocessing time, which is orders of magnitude smaller than any other timescales considered here. The area of the surface element is r dr dφ/ cos ζ and the projection of this element on the line connecting it to the X-ray source is proportional to
Let us assume for simplicity that the angular distribution of reprocessed radiation follows Lambert law, implying that the luminosity of the disc element per unit solid angle depends linearly on its projection on the observer's sky, which is proportional to cos η =nr ·ô = cos i cos ζ − sin i sin ζ cos(Φ − φ).
Using the δ-function to take the integral over t ′ and rewriting the light curve in terms of the QPO phases of the signal corresponding to the arrival and emission times ω = 2πνQPOt and ω ′ = 2πνQPOt ′ , we get:
where the X-ray flux f X in the direction of the elements depends on the angle between the hot flow normaln and vector p (see equations (1) and (10)):
where
For the disc surface element at radius r and azimuth φ to contribute to the observed flux, three conditions have to be satisfied: (i) the irradiation condition (the X-ray source is seen from the ring surface element), i.e. cos θe > 0;
(ii) the visibility condition (the observer sees the ring surface), i.e. cos η > 0 or, equivalently, cos(Φ − φ) < cot i cot ζ;
(iii) the reprocessed photons are not blocked by the disc on their way to the observer, i.e.
The model parameters can be divided into two groups: the disc parameters ρ, H/Rout, Rin/Rout, νQPORout/c, and α and the orientation parameters i, Φ and β. The parameters α and β only affect the signal rms, rather than the profile shape. The first three parameters also make rather minor changes to the QPO signal as we discuss below. Thus the model in reality has only three main parameters: νQPORout/c, which controls the smearing of the X-ray QPO signal in the disc, and the orientation parameters i and Φ.
RESULTS
QPO profiles
In contrast to the model with QPOs from the hot flow (Veledina et al. 2013a ), here optical profiles depend on the QPO frequency. If the QPO period is much shorter than the corresponding light travel time to the outer disc (νQPORout/c ≫ 1), the variability amplitude of the optical QPO should go to zero. For very long QPO periods, νQPORout/c ≪ 1, the delays due to light travel time can be neglected and the QPO profiles just reflect variations of the illumination of the disc by the X-ray source and of the viewing angle of the disc surface. For the parameters Rout ∼ 10 10 − 10 12 cm (typical for low-mass X-ray binaries) and the QPO range between 10 −3 νQPO 10, the possible range of parameter νQPORout/c is between 3 × 10 −4 and 300. It is therefore clear that the limiting cases discussed above can, in principle, be realised.
The integrals in equation (16) should generally be computed numerically, however, it is interesting to consider a case when they can be taken analytically. This can also be used as a benchmark for the precise numerical calculations. Let us first consider the situation where the reprocessing occurs in a thin ring (Rin ∼ = Rout), which is located sufficiently close to the X-ray source (νQPORout/c ≪ 1), i.e. the response is immediate and we can put ω = ω ′ . In addition, the ring is located high enough above the orbital plane and the angle β is small enough so that the X-ray source is always seen from the entire ring (this translates to the condition cos θe > 0 at any phase). We assume that the emission pattern of the central source follows the Lambert law, which leads to the emissivity function f X ∝ cos θe (we also put α = 1). Finally, we consider the observer above the orbital plane, i.e. i = 0. Under this conditions, the integral in equation (16) is reduced to the simple sinusoidal pattern Lrepr(ω) ∝ 1 − C cos ω, where C > 0 depends on the chosen parameters. This analytical solution, though, is unlikely to be realized in a realistic situation.
We investigate the effect of changing parameters on the QPO profiles by the direct calculations of reprocessing lightcurves. Optical and X-ray QPO profiles are calculated by assuming a radial emissivity qE(r) for each band. We fix β = 10
• and an observer inclination i = 60
• and consider changing ρ, H/Rout, Rin/Rout and νQPORout/c. We find that the parameter ρ does not alter the profile shapes and only affects the amplitudes of oscillations (with higher rms obtained for the cases when the observer sees relatively larger disc area), while the decrease of Rin/Rout results in somewhat faster response and more smearing of the signal, i.e. lower rms. The increase of parameter H/Rout generally introduces a larger phase shift of the optical light-curve, in addition, the larger is this parameter, the lower is the optical variability rms. This results from the decrease of the X-ray rms towards lower inclinations (or, essentially, towards lower angles θe). The major affect on the QPO profiles comes from changing parameter νQPORout/c. We consider three cases: νQPORout/c = 10 −2 , 0.5 and 2. The resulting profiles are shown in Fig. 2 .
It is evident that the optical QPOs arising from reprocessing have larger amplitudes than those seen in the X-rays by the distant observer (with their ratio reaching a factor of 10 at low azimuth Φ < 60
• ). We have studied the QPO profiles at the i-Φ plane and found that this is true for majority of the simulations (except for the area with i 70 reason for that is the strong increase of the rms in X-rays with increasing viewing angle (i.e., inclination in the case of observer and the corresponding angle π/2 − ξ for the disc). Small opening angles (realistic values are between 6
• and 22
• , see de Jong et al. 1996 and references therein) thus result in substantially higher variation amplitudes of the Xrays seen by the disc relative to those seen by the observer. In addition, the X-ray variability seen by the disc is different from that seen by the observer for the same reason. This means that it is not feasible to find any kind of the QPO response function, which could give the optical QPO profiles from the observed X-ray QPOs.
Another interesting observation is that at νQPO ≪ c/Rout the optical QPO profile strongly depends on Φ, being nearly sinusoidal at small Φ, with the growing harmonic content at larger Φ, where the amplitude of the fundamental drops significantly. At higher νQPO ∼ c/Rout, the profiles are more sinusoidal with a low harmonic content.
We finally note that the overall optical rms can be reduced by the presence of other, non-oscillating or oscillating out-of-phase, components. For instance, additional constant flux may arise because of the viscous heating in the disc. Also, the X-ray source likely has a non-zero thickness, thus the entire disc has an additional constant irradiated component. And finally, reflection of the X-rays from the optically thin corona or wind would produce a nearly constant illumination over the disc surface leading to the reduction of the QPO amplitude.
QPO amplitude dependence on Fourier frequency
Often the optical QPO profile cannot be measured and the only available information is its rms. The ratio of the light-crossing time to the outer disc to the QPO period, νQPORout/c, is the major factor affecting the rms, see Fig. 3 . The constant level at low frequencies reflects the fact that the light-travel time to the outer disc is much below the QPO period, so that the response can be considered as immediate. The QPO profile is then completely determined by the varying illumination of the outer disc due to precession of the anisotropic and non-axisymmetric X-ray source. We see that the constant level is very different for different observer's azimuth Φ, being close to 20 per cent at Φ ∼ 0
• and dropping to nearly zero at Φ ∼ 180
• (we note that the harmonic here is stronger).
At high νQPO, the rms drops dramatically due to smearing. Rather unexpectedly we find that the rms has a strong peak at νQPORout/c ∼ 1/2. The peak does not appear only for inclination i = 0. For Φ 60
• , the rms reaches 17-25 per cent, depending on the inclination. At larger Φ 120
• , the rms is about 15 per cent which is substantially larger than that at low νQPO. This resonance-like feature results from the fact that the reprocessing signals from the closest and furthest (to the observer) parts of the disc are coming in phase.
We conclude here that the optical QPOs arising from reprocessing of the X-ray radiation from an anisotropic precessing source can be identified in the data using its frequency dependence. The rms is predicted to be constant at low frequencies, to have a peak at νQPORout/c ∼ 1/2 and disappear at νQPO,maxRout/c ∼ 1. The critical QPO frequency depends on the disc size, which is itself a function of binary separation, Rout ≈ 0.6a (for small mass ratios; see Warner 1995) . Using the 3rd Kepler's law, we can relate it to the orbital period (in hours):
QPO amplitude dependence on the wavelength
An alternative way to identify the reprocessing QPO in the data is from its wavelength dependence. Different wavelengths correspond to different parts of the irradiated disc (blackbody) spectrum, resulting in variation of parameter α (introduced in equation 12 α(ν) = 1 4
In this paper, we considered cases with the linear response, α = 1, which takes place close to the wavelengths of the blackbody peak. For the irradiated disc temperature of about 10 000 K, this corresponds to U-filter. The rms is higher at shorter wavelengths, where α exceeds 1 and it is smaller at longer wavelengths, where it tends to the Rayleigh-Jeans value α = 1/4. Thus at long wavelengths the optical (or rather IR) QPO should have four times smaller rms than those computed here. On the other hand, in the Wien part of the spectrum α can exceed unity and the QPO amplitude grows. In addition to the wavelength dependence of the reprocessing QPO itself, it is likely that additional spectral component influence that. The irradiated disc spectrum may be contaminated by the emission from the hot flow, jet, or circumstellar dust, which likely reduce the overall rms, with a somewhat larger suppression at longer wavelengths because their spectra are significantly redder than the spectrum of the disc. This fact further strengthens the dependence of rms on the wavelength, which should grow towards shorter wavelengths.
Comparison with the data
The low-frequency QPO range observed in the X-rays is ∼ 10 −2 − 10 Hz. In the optical, the highest frequency which could be explained by the irradiated disc model is ∼1 Hz (corresponding to the size of a system with a few hour orbital period). Short-period systems are then promising candidates to look for the irradiation QPOs. For relatively small discs, present in systems with periods of a few hours, the temperature at the outer edge of the disc is substantially higher,
orb , where P orb is the orbital period (we assumed that the X-ray luminosity is the same). Thus, irradiation gives significant contribution to the UV flux, but not to the IR, where the disc is likely very dim compared to other components. The discs in the long-period systems are large enough and cool enough to give significant contribution to the IR, however the QPOs in such systems are expected to be seen only at relatively low frequencies.
In GX 339-4, the optical QPO frequency was seen to vary between 0.05 and 0.13 Hz (Motch et al. 1983; Imamura et al. 1990; Steiman-Cameron et al. 1997; Gandhi et al. 2010) . The QPO features were observed in three filters simultaneously (Gandhi et al. 2010) . They have systematically larger rms in the redder filters for all three nights of observations (see their table 4), though only the difference in rms observed during the third night are statistically significant. The system period is rather long, about 42 h (Casares & Jonker 2014) , so that the maximum reprocessing QPO (see equation 20) is expected to be at νQPO,max ≈ 0.055 Hz, where we assumed M = 10M⊙. Thus the observed QPOs are likely produced either by the hot flow or in the jet.
SWIFT J1753.5-0127 is one of the shortest-period systems with P orb ≈ 3 h (Zurita et al. 2008; Neustroev et al. 2014) . The optical QPOs in this object were observed during the simultaneous X-ray exposure (Hynes et al. 2009; Durant et al. 2009 ). The computed optical/X-ray CCFs do not resemble those of the irradiated disc, on the contrary, a prominent optical precognition dip is detected. The dip may be a signature of the hot flow synchrotron emission (Veledina et al. 2011) , and its amplitude relative to the positive peak (attributed to irradiation) implies that the hot flow is a dominant source of optical photons, and hence the QPOs.
Interestingly, rms of the UV QPOs in XTE J1118+480 was found to somewhat increase with the increasing frequency (Hynes et al. 2003) , though the significance of this result is yet unclear. The system is otherwise a good candidate to expect the irradiated QPOs: it has a rather shortperiod of about 4 h (Casares & Jonker 2014) and it was also found to demonstrate the precognition dip structure in the CCFs (Kanbach et al. 2001) , however the dip amplitude is significantly smaller than that of the peak. Moreover, the dip in the UV/X-ray CCF is even less prominent (Hynes et al. 2003 ), thus we anticipate that the proposed mechanism could be important in this system. We developed a model for the optical QPOs arising from the irradiation of the accretion disc by varying X-ray flux. Assuming that the inner part of the accretion disc is occupied by a precessing hot accretion flow (radiating in the X-rays) with the prescribed emission pattern, we calculate the optical profiles. The oscillations at the precession period appear due to the changing of the illumination conditions. We note that the distant observer sees the X-ray source at an angle different from that seen from the outer disc. This means that simple use of the disc transfer function relating the observed X-ray and optical light-curves is insufficient to reproduce optical profiles -the additional knowledge of the X-ray emission pattern is required.
We find that the QPO rms is nearly constant for sufficiently low frequencies, νQPORout/c 0.1, it then increases to achieve the maximum at νQPORout/c ∼ 1/2 and drops dramatically at higher frequencies. This is an identifying feature of the proposed mechanism, by which it can be distinguished from the optical QPOs arising from the hot flow. Another way to recognise it is the dependence of the rms on the wavelength, where the increase of the variability amplitude towards shorter wavelengths is expected.
The described QPO mechanism inevitably should play a role in all systems with the sufficiently small ratio of the outer disc size to the QPO period. However, the observed oscillation amplitudes are expected to be lower than predicted here because of the substantial non-variable background. As other components, which do potentially contribute to the optical emission (e.g. the hot flow and the jet), can also generate QPOs, finding the signatures of reprocessed emission in the oscillating signal becomes a challenging task. The most promising low-mass X-ray binary systems, which are expected to have optical QPO due to reprocessing, are those showing a prominent positive peak in the optical/Xray CCF, corresponding to the irradiation delays of the aperiodic X-ray variability. It is also preferable to search for these types of QPOs in the UV, where the disc radiation dominates and the QPO rms reaches the maximum, while other components are relatively dim.
